The 29 species of the Tetrahymena pyrijbrmis complex are morphologically identical while being quite diverse at the molecular level. These species are also diverse relative to other eukaryotes. Phylogenetic relationships within the complex have been difficult to determine, because there are groups of closely related species, as well as individual species, that are highly divergent. We have sequenced portions of two highly conserved histone genes and the more rapidly evolving intergenic region between them. These sequences have been used to construct a phylogeny for the complex. A comparison of the amino-terminal portion of the histone H4 proteins from the species of the complex reveals a high degree of sequence diversity relative to that of other organisms. In contrast, the amino-terminal portions of the histone H3 proteins of the species in the complex are identical to each other. We also find that the pattern of nucleotide substitution in the intergenic region differs from that described for higher eukaryotes.
Introduction
The Tetrahymena pyriformis complex contains 29 species defined by their sexual incompatibility but which are virtually indistinguishable at the morphological level. Despite the outward similarity, the species of the complex have substantial molecular diversity. Several attempts have been made to determine the phylogenetic relationships within the complex (for a review, see Nanney 1984) . Early studies compared molecular characters such as ciliary proteins (Seyfert and Willis 198 1) and isozyme patterns (Allen and Wermiuk 197 1; Borden et al. 1973 Borden et al. ,1977 Nanney et al. 1980 Nanney et al. ,1989 Simon et al. 1985; Preparata et al. 1989 ), but the variability at this level was too great for these characters to be useful in defining deep subdivisions within the complex. The ribosomal RNA (rRNA) sequences have also been used for determining phylogenetic relationships (Sogin et al. 1986; Nanney et al. 1989; Preparata et al. 1989 )) but they have proved to be so highly conservative that they provide little information about closely related species in the complex.
Our approach has been to analyze a portion of the genome that contains both highly conserved and highly variable sequences. The segment we chose contains the intergenic region between histones H311 and H411, along with the 5' ends of both Tetruhymena Phylogeny and Histone H4 Variability 71 genes. The complete nucleotide sequence for this region from T. thermophilu has been determined (Horwitz et al. 1987 ). For our analysis we amplified the histone H311/ H411 regions from the various species in the complex by using the polymerase chain reaction (PCR) (Mullis and Faloona 1987) ) with PCR primers located within the two histone genes. The amplified DNA was cloned and sequenced from the 29 species of the complex as well as from an outgroup, Glaucoma chattoni.
For phylogenetic analysis the histone H3II/H411 region was considerably more useful than the rRNA genes, because the intergenic region has few selective constraints, except for control elements regulating the expression of the histone genes . The degree of sequence variability within this region was useful for determining relationships throughout the range of species in the complex. Although the histone H3II/H411 regions vary in length from 521 to 563 bp, their alignment is relatively straightforward. Both ends of this region are within histone genes, and several conserved sequences occur within the intergenic region.
Not only has the histone H3II/H411 region of the genome been useful for determining phylogenetic relationships; it has also revealed some interesting information about the evolution of Tetruhymena histone genes. Histone H4 is one of the most wnserved proteins found in eukaryotes; however, the T. thermophila histone H4 genes have the most divergent amino acid sequence yet observed (Glover and Gorovsky' 1979; Bannon et al. 1984) . Our data show that, among the species of the complex, much variability in amino acid sequence is present in the amino-terminal portion of the histone H4 protein. In fact, among the species of the complex there is more variation in this region than is observed in the whole range of higher eukaryotes for which sequence data are available. In contrast, the amino-terminal portion of the histone H3 sequences from the species of the complex show no amino acid variability, in spite of the fact that histone H3 is usually more variable in sequence than is histone H4 (Wells and McBride 1989) .
Finally, we have used the set of intergenic sequences to study the pattern of nucleotide substitution in Tetrahymena. In regions of the genome that are selectively neutral, the observed pattern of nucleotide substitution is expected to reflect the actual pattern of mutation. Previous studies of pseudogenes (Gojobori et al. 1982; Li et al. 1984) and intergenic sequences ( Wu and Maeda 1987 ) have indicated that nucleotide substitution is not random and that there may be an inequality in the types of mutation occurring on the two strands of DNA. The proposal that pyrimidine-to-purine transversions are relatively rare is one of the predictions made by the Topal and Fresco ( 1976) model for base-substitution mutations and confirmed by these studies. In Tetruhymena it appears that the nucleotide substitution pattern does not conform to this model. Pyrimidine-to-purine changes are as wmmon as purine-to-pyrimidine changes and may reflect a basic difference in the fidelity of DNA polymerase of Tetrahymena.
We also see a large number of C-to-T (or G-to-A) transitions that cannot be explained by the deamination of 5-methyl cytosine, as Tetrahymena DNA does not contain 5-methyl cytosine (Gorovsky 1980 . Tetrahymena corlissi, T. limacis, T. rostrata, and T. setosa were purchased from the American Type Culture Collection (Princeton, N.J.). Tetrahymena thermophila was a gift from Dr. P. Bruns (Cornell University), and all of the other species were a gift from Drs. E. Simon and D. Nanney (University of Illinois). These organisms were grown under standard conditions ( Orias and Bruns 1976) . DNA was isolated and purified according to a method described elsewhere (Brunk and Hanawalt 1969 ) .
Amplification and Cloning of H3/H4 Region
Two oligonucleotide primers for PCR amplification were synthesized on the basis of the published sequence for T. thermophilu (Horwitz et al. 1987) . These primers are located within the histone H311 and H411 genes and allow PCR amplification of both the intergenic region and the amino-terminal portions of the histone genes. One primer contains a naturally occurring KpnI restriction site, and the other was modified to contain a Hind111 site. PCR amplification was performed using the thermostable Taq polymerase according to the instructions of the manufacturer (Perkin ElmerCetus) (Mullis and Faloona 1987) . Amplified DNA was purified by electrophoresis on 3% agarose gels, was isolated by electroelution, and was digested with KpnI and Hind111 restriction enzymes. This DNA was then cloned into pUC 19 and was used to transform Escherichia coli MC106 1 (Sambrook et al. 1989, pp. l-68) .
DNA Sequencing and Alignments
DNA was isolated from four or more independent clones and was combined in equimolar amounts for sequencing. Dideoxy sequencing (Sanger et al. 1977 ) was performed on both strands by using either Sequenase (USB) or Pharmacia's T7 polymerase according to the manufacturers' protocols. The histone H3II/H411 sequences for all 29 species of the complex and for G. chattoni were aligned using the multiplesequence-alignment program CLUSTAL (Higgins and Sharp 1988 ) with a few minor adjustments made by hand to improve the final alignment. There are 346 positions at which nucleotide substitutions occur, and 285 of these positions are informative. Figure 1 shows a distance matrix for these data. The phylogenetic analyses described below were performed both including and excluding sequence regions where alignment was ambiguous, with little or no effect on the resulting tree topologies.
Phylogenetic Trees Based on Maximum Parsimony
Most of the phylogenetic analyses described here were done using maximum parsimony, as implemented in PAUP (phylogenetic analysis using parsimony, version 3.0d; Swofford 1989). Our approach was to first identify major clusters within the whole set of 30 taxa. In this and in all parsimony analyses, gaps were treated as a fifth character state (although treating them as "missing" data gives similar results). The various clusters were then tested using the bootstrap resampling method (Felsenstein 1985 ) , in order to determine their stability. Five hundred resamplings of the data were performed in each case. Taxa that remained together in >,95% of the bootstrap replications were considered to be a significant cluster and were further analyzed to determine the branching orders among the taxa within each cluster.
By this method, five clusters of varying sizes were identified that contained 25 of the species in the complex. Each of these five clusters formed a clade in 100% of the bootstrapping trials ( fig. 2) . To determine the relationships among these clusters and the remaining individual species, we used PAUP to generate the ancestral sequence for each cluster (by using all members of the cluster and several outgroups). This ancestral sequence was then used to represent the entire cluster. In this manner, the final number of sequences to be analyzed was reduced from 30 to 10.
Trees Based on Other Methods
In addition to maximum parsimony, several other tree-building algorithms were utilized. Felsenstein's maximum-likelihood program for DNA sequences (Felsenstein 198 1 ) , DNAML (contained within the PHYLIP package), and Nei's neighbor-joining algorithm (Saitou and Nei 1987 ) are considered to be among the most reliable (Li et al. 1988; Saitou and Imanishi 1989) and represent different approaches to the construction of trees. Maximum likelihood could only be used on the reduced set of 10 sequences. It was run using a transition /transversion ratio of 1 .O, which is the ratio indicated by the PAUP analysis. For the neighbor-joining program, phylogenetic distances for the 30 species were computed using Kimura's two-parameter model with a transition/ transversion ratio of 1 .O.
Pattern of Nucleotide Substitution
The phylogenetic tree shown in figure 2 was used in the analysis of the nucleotide substitution pattern. Ancestral sequences were predicted using PAUP, and any sites where the ancestral nucleotide was ambiguous were excluded. The number and type of changes along each branch of the phylogeny, excluding those in branches leading to the outgroups, were determined. Changes involving insertions and deletions were also excluded. Because the 360 changes were distributed along 54 branches of the phylogeny, the proportion of base substitutions (PO's) shown in table 1 were calculated in a manner slightly different than that used by Gojobori et al. ( 1982) . Relative substitution-frequency values ( Fii's) were calculated for each type of change, as described by Gojobori et al. ( 1982) and summarized in table 2.
Results

Sequences, Distances, and Rates
The amplified histone H3II/H411 regions ranged in length from 521 bp for Gluucoma chattoni to 563 bp for Tetrahymena paravorax. When all of the sequences were aligned, the final sequence length was 579 bp. The number of nucleotide differences between species ranged from one (T. sonneborni compared with T. hyperangularis) to 242 (G. chattoni compared with T. paravorax). A distance matrix for the 30 species is shown in figure 1, with the numbers of nucleotide differences converted into substitutions per site by using the Kimura two-parameter method. These distances ranged from 0 to 0.45 1 substitutions per site when all sites are considered. Alternatively, if the coding sequences are removed so that only the intergenic regions are compared, distances are as high as 0.868 substitutions per site. Of the 579 sites, 233 appear to be constant for all 30 species. Most ( 173) of these constant sites are in the histone genes, NOTE.-B~GWSZ the 360 changes were distributed along 54 branches of the phylogeny, the P;s were calculated in a manner slightly different from that of Gojobori et al. (1982) . The numerator is the sum of all changes from the ith type to the jth type, over the entire phylogeny, while the denominator is the sum of all i's in the 25 ancestral sequences. NOTE.-Data are expected number of base changes, from the ith type to thejth type in every 100 substitutions of a random DNA sequence. F,,'s were calculated for each type of change, as described by Gojobori et al. (1982) .
' Because of rounding error, column entries do not exactly sum to 100.
with only 60 found in the intergenic region. There is also apparently a large number of deletions/insertions in the intergenic region.
Trees
One of four equally parsimonious phylogenetic trees for all 30 species is shown in figure 2. Although this was derived using the entire sequenced region, the same tree topologies are produced when the intergenic region alone is used. One cluster contains 11 species that are so closely related that several alternative topologies with the same overall length are possible.
Branching orders among the other clusters of species are considerably less ambiguous, because of the greater distances separating the species. Only the positions of T. lirnacis, T. caudata, 'and T. corlissi are not well resolved; thus they are shown connected to the tree by dotted lines. They can be positioned at several different places in the tree, with the same number of total changes required. If those three species are eliminated from the analysis, bootstrapping indicates that the rest of the tree topology is relatively stable. Maximum-likelihood calculations were performed on the 10 most parsimonious trees, all of which were within four substitutions of the "shortest" tree. This analysis indicates that these trees are not significantly less "likely" than the "shortest" tree.
A tree generated using Nei's neighbor-joining algorithm is shown in figure 3 . The topology of this tree is identical to that of the maximum-parsimony tree, except that (a) the position of T. limacis is slightly changed and (b) the cluster containing T. thermophila is substantially changed. Distance-matrix algorithms, using only the intergenic region sequences instead of the entire sequences, produce a third, slightly different tree topology (not shown). By all distance matrix methods T. limacis appears to cluster with T. tropicalis and T. furgasoni.
Histone Sequences
The H3II/H411 region contains the sequence coding for the first 41 amino acids of the histone H311 protein and for the first 33 amino acids of the histone H411 protein. When the sequences from the different species are compared, there are no amino acid replacements in the histone H311 coding region, while in the histone H411 coding region (a) there are eight amino acid replacements and (b) G. chattoni has an additional proline at the third amino acid position (fig. 4) . The amino-terminal portion of the FIG. 3.-Neighbor-joining tree for Tetruhymena pyrifomzis complex. This phylogenetic tree was generated using the distances in fig. 2 and the algorithm of Saitou and Nei ( 1987) . Italic numbers are branch lengths in corrected nucleotide substitutions/site multiplied by 579. The "Riboset" groupings for the species are shown on the right ).
histone H4 proteins of all the species in the complex are highly divergent relative to other species for which sequences are available, as shown in figure 4.
Pattern of Nucleotide Substitution
Pii's are shown in table 1. In table 2 these proportions have been converted to Fii's. These represent the expected number of base changes, from the ith type to the jth type ( i and j = A, C, G, or T), in every 100 substitutions of a random DNA sequence. From table 2 several general trends can be seen. First, the pattern of substitution is clearly nonrandom, with some types of changes favored over others. The nucleotides that are most likely to be substituted are G's (32.4 1%) and C's ( 30.32%), while the nucleotides that are most likely to result from a substitution are A's (37.75%) and T's (32.34%). Over time this pattern of substitution would produce a sequence that is relatively high in AT and low in GC. Using the Fii matrix, we can calculate the equilibrium frequencies for each nucleotide (Wright 1969, p. 26; Tajima and Nei 1982) . The observed frequencies are similar to the expected equilibrium frequencies (table  3) , an indication that the observed pattern of substitution is an accurate reflection of the mutation pattern.
Any observed i-to-j change could be produced by either an i-to-j change on the sequenced strand or a j-to-i change on the other strand; that is, an observed T-to-C change on one strand could also have been produced by a A-to-G change on the complementary strand. If substitutions accumulate at the same rate on both strands of DNA, the following equalities will be observed: FAT = FTA, Fat = F=G, FTc = FAG, Fca = FGT, FGA = Fm, and FW = FOG. These equalities were observed in the case of pseudogenes (Gojobori et al. 1982; Li et al. 1984) but not in the primate intergenic region analyzed by Wu and Maeda ( 1987) . They found that ratios of the two types of transitions, FTC/FAG and FG~ / F cT, were close to 1, while the ratio of different types of transversions, FRY/ FYR , was significantly different from 1, with purine-to-pyrimidine changes (FRY) occurring much more frequently than pyrimidine-to-purine changes (FYR) . This pattern agrees with the model for base substitutions which has been described by Topal and Fresco ( 1976) and which (a) proposes that substitutions arise from the formation of non-Watson-Crick basepairs during DNA replication and (b) predicts that purine-to-pyrimidine changes are more likely to occur.
The Fu pattern that we see in the Tetrahymena intergenic sequences does not If all substitutions were equally probable, then we would expect that there would be one-half as many transition changes as transversion changes (i.e., transitions/transversions = 0.5 ) . However, in higher eukaryotes generally, more transitions are observed than transversions, with the transitions/transversions ratio approaching 2 (Li et al. 1984) . Our data indicate a more equal substitution pattern in Tetrahymena, with essentially the same number of transitions and transversions ( =0.99). In most organisms a large number of C-to-T (or G-to-A) transitions are observed. They have usually been attributed to deamination of 5-methyl cytosine, which directly produced a thymine (Gojobori et al. 1982) . In Tetrahymena we also observe a large number of C-to-T (or A-to-G) transitions, but these must be due to another process, as there is no detectable 5-methyl cytosine in Tetrahymena (Gorovsky 1980 ).
Discussion Trees
To gauge the reliability of our phylogenetic trees, we have done both bootstrapping and maximum-likelihood analyses. Bootstrapping involves the comparison of a series of trees constructed from a random sample of the original data. Groups of taxa are likely to be monophyletic if they remain clustered in a high percentage of the bootstrap resamplings of the data (Felsenstein 1985) . There are five clusters of species in figure 2 that remain grouped together in 100% of the resamplings. These five clusters are also produced by every other type of tree-building approach we have used, including neighbor-joining, UPGMA (Sneath and Sokal 1973, pp. 230-234) , Fitch-Margoliash (Fitch and Margoliash 1967) , and compatibility methods (Felsenstein 1973) . The tree relating these five clusters to each other and to the remaining five species is less certain. The primary difficulty is in the placement of Tetrahymena limacis, T. caudata, and T. corlissi. The results of a set of 500 bootstrap replications, excluding these three species, indicate that the topology of this tree is relatively stable, with the taxa clustering as shown in figure 2 in >75% of the replications and with most groups clustering to an even higher percentage.
Competing tree topologies can be compared using maximum-likelihood methods to provide an estimate of their statistical significance relative to each other (Felsenstein 198 1) . When the 10 most parsimonious trees (for the set of 10 taxa) were compared 80 Sadler and Brunk using DNAML, no tree was found to be significantly better than the other trees. The most parsimonious tree ( fig. 2) had the greatest likelihood of all trees examined.
In addition to parsimony methods we also used a distance method, Nei's neighborjoining algorithm. Of the numerous distance methods available, this algorithm seems to perform the best, especially under conditions of unequal rates (Li et al. 1988; Saitou and Imanishi 1989) . The calculation of the distance matrix appears to be the crucial step, as small changes can significantly alter the resulting tree topology. For example, when the Kimura two-parameter model is used to determine distances, varying the transition/transversion ratio from 0.5 to 1.0 is sufficient to produce different tree topologies. The neighbor-joining tree differs, by two neighbor-branch swaps, from the tree derived by maximum parsimony.
Another way to assess our phylogeny is to compare it with other phylogenies based on different characters. The most comprehensive existing phylogeny is based on substitutions within a 185-bp sequence near the 5' end of the 23s rRNA gene . The 29 Tetruhymena species fall into seven "ribosets," or clusters of species, which are based on groups previously identified by an analysis of 5 and 5.8s rRNA sequences. These ribosets (shown in fig. 3 ) correspond very well to the clusters of species found by using the histone H3II/H411 sequences, with a few exceptions. The most notable exceptions are the relative locations of T. paravorux and G. chattoni. Both the 23s and the H3II/H411 sequences indicate that T. paravorax is the most distant Tetruhymena species in the complex. However, the 23s sequence also seems to indicate that G. chattoni arose from a Tetrahymena lineage, while the histone H3II/H411 sequence, as well several other lines of evidence , show it to be outside the complex.
The branching orders of the species within the ribosets differ slightly between the histone H3II/H411 tree and the 23s tree, but this is probably due to the relatively small number of variable sites in the rRNA. For example, the species within riboset C have almost identical 23s sequences and cannot be accurately positioned. The 23s rRNA data show the locations of T. limacis and T, corlissi, which we were not able to place unambiguously, to be within the A2 riboset. This is consistent with the histone H3II/H411 data.
The tree presented in figure 2 is also consistent with the 17s rRNA phylogeny (Sogin et al. 1986 ) constructed for 13 species of the complex. Only 47 variable positions were found within the 17s rRNA molecule; thus, only the deep divisions between groups of species can be considered to be significant. The placement of T. tropicalis differs between the 17s tree and the histone H3II/H411 tree, but, again, this is probably because the variation in the rRNA is insufficient for positioning closely related species.
Histone Sequences
Histone H4 is one of the most highly conserved proteins known, and the complete histone H4 amino acid sequences are available for >30 different species (Wells and McBride 1989) . Of the species in the complex, only T. thermophilu has had the complete H4 sequence determined (Bannon et al. 1984) . Our sequence data for the histone H3II/H411 regions includes the amino-terminal third of the histone H411 genes and adds 27 Tetrahymena species and G. chattoni to the list of species for which a portion of the histone H4 gene sequence is available. We found many amino acid replacements occurring in this portion of the histone H411 gene. The amino acid sequences for all of the known histone H4 genes and for that N-terminal portion of the ciliate genes that we have determined are shown in figure 4 . When we consider the amino-terminal Tefrahymena Phylogeny and Histone H4 Variability 8 1 region, among all of the nonciliate histone H4 sequences available, there are only four amino acid replacements, and this includes a human variant and a wheat variant. The ciliate histones have substantially diverged from the other published histone sequences. Figure 5 shows, in the form of a distance matrix, the number of amino acid replacements occurring in the N-terminal region of histone H4, among the various species. From this presentation it is clear not only that Tetrahymena histone H4 sequences are highly divergent from those of other eukaryotic species in general but also that there is a wide range in variation among the Tetrahymena species themselves. On average, the Tetrahymena histone H4 sequences are twice as diverse, relative to one another, as are those of the other eukaryotic species (3.8 vs. 1.8). Approximately one-half of the amino acid differences between T. thermophila and the consensus sequence for histone H4 occur in the amino-terminal third of the molecule. When the remainder of the histone H4 sequences are determined for the species in the complex, it is reasonable to expect additional amino acid replacements.
On the other hand, the amino-terminal third of the histone H3II genes from the species in the complex show no amino acid replacements. In amino acid sequence, histone H3 is, in general, more divergent than is histone H4 (Wells and McBride 1989) . Of course, amino acid replacements may occur in that portion of the histone H3 genes that we have not sequenced.
These data are hard to reconcile with the generally held view that the sequence of histone H4 is highly conservative because of strong selective constraints. If this is the case, why is so much amino acid replacement allowed within this group? The pattern of observed amino acid replacements suggests that a constraint on the Tetrahymena histone H4 sequence has been released and that a wide range of amino acid replacements is allowed for these proteins.
Histones H4 and H3 interact to form the cores of the nucleosome (van Holde 1989, pp. 164-168) . Possibly the sequences of histone H4 and H3 have undergone compensating amino acid replacements such that the H4 / H3 unit continues to meet strong selective constraints. This appears unlikely in view of the absence of amino acid replacements in the portion of the histone H3 genes examined. Recently, the histone H4 gene from T. thermophila has been substituted for the yeast histone H4 gene (C. F. Brunk, unpublished data) . In this construction the T. thermophila histone H4 replaces the yeast gene despite 25 amino acid differences between these proteins. There are, of course, no changes in the yeast histone H3 to accommodate the amino acid differences in the Tetrahymena histone H4.
The amino acid sequences of protist histone H4 genes are not as conserved as those in higher eukaryotes. This may be due to a lower selective pressure on histone H4 in single-celled organisms, although the histone H4 proteins of the organisms appear to perform the same function as they do in higher cells.
Pattern of Nucleotide Substitution
The pattern of nucleotide substitution in the histone H3II/H411 intergenic region of Tetrahymena does not appear to be consistent with the current model of nucleotide substitution in eukaryotes. One explanation for this inconsistency is that the observed substitution pattern is not accurately representing the mutation pattern. This would happen if there were some selective pressure on the intergenic region, a pressure that we are unaware of; but it seems unlikely for several reasons. The pattern of changes that we observe fits a Poisson distribution, as if it were random. This region has been examined, in detail, for highly conserved sequences that might be portions of promoter elements, but very few highly constrained sites have been observed . Another possibility is that this region of the genome may be unrepresentative of the genome as a whole. However, until other regions of the Tetrahymena genome have been analyzed, this point cannot be addressed.
The congruence between the equilibrium frequencies of the nucleotides and the observed frequencies (table 3) suggests that the pattern of nucleotide substitution is accurately represented. If there were serious errors in our calculation of FU's, these errors would also be present in the equilibrium frequencies that are calculated from the Fij's. Because the actual nucleotide frequencies are so close to the predicted frequencies, this does not seem be a problem.
There appears to be an unusual pattern of nucleotide substitution in Tetrahymena, at least in the region that we have analyzed. One possible explanation is that the Tetrahymena DNA polymerase does not have the same fidelity as does the DNA polymerase of other eukaryotes. An increased polymerase tolerance for pyrimidine: pyrimidine base pairs would explain the unusual frequency of pyrimidine-to-purine changes and may also explain some previous observations. Comparisons of highly conserved proteins, both among Tetrahymena species and between Tetrahymena and other eukaryotes, have shown a high degree of divergence (Tarr and Fitch 1976; Bannon et al. 1984; Cupples and Pearlman 1986; ). This diversity may be more understandable in light of an increased tolerance for base mismatching during replication.
